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Abstract

Eye lens core A™C of Gulf of Mexico outer shelf and upper slope reef fishes matched a regional A'*C reference time series,
but otolith cores were depleted in “C relative to the reference series. This is due to C in eye lens protein being derived from
metabolic sources, with the ultimate source being epipelagic phytoplankton. In contrast, otolith C is derived mainly (70%-80%)
from dissolved inorganic C, which is depleted in *C beyond the epipelagic. Analyzing AC in eye lens cores provides a novel
approach for validating age estimates of deepwater (>200 m) fishes, which were unresolved in earlier applications of the bomb

14C chronometer.
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Introduction

Bathybenthic and abyssal benthopelagic (hereafter, deep-
water) reef fishes constitute important fishery resources in
several regions of the globe, including US waters of the north-
ern Gulf of Mexico (nGOM) and Atlantic Ocean (Atlantic).
Many of these species have complex life histories, includ-
ing hermaphroditism, great longevity (>100years in some
cases), and slow growth. However, estimating the fundamen-
tal parameter in population dynamics, age, has been elusive
for many deepwater reef fishes due to difficulty in distin-
guishing otolith opaque zones, which may result in ageing
bias or low precision among readers (e.g., Wakefield et al.
2017). Therefore, age validation is perhaps even more criti-
cal for deepwater reef fishes than ones found in shallower
habitats (Andrews et al. 2013; Barnett et al. 2020). Unfortu-
nately, chemically marking otoliths is not an option for deep-
water fishes due to barotrauma, and radiometric approaches
to age validation lack precision, with estimation error of-
ten being +10years (e.g., Lombardi-Carlson and Andrews
2015).

The bomb radiocarbon (*C) chronometer, which has been
widely applied to validate age estimation in marine fishes,
has also been applied in age validation studies of deepwater
reef fishes in recent years. The principle behind this tool is
the approximate doubling of atmospheric “C as a result of
nuclear weapon testing in the 1950s and 1960s (Kalish 1993),
with the signature of that rise, as well as the post-1970s de-
cline being incorporated into the aragonite (biogenic CaCOs3)
skeletons of hermatypic corals around the globe (Grottoli and
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Eakin 2007). The coral bomb *C record has been utilized to
examine a wide range of oceanographic and climate ques-
tions, but in fish ecology, its greatest utility has been as a
reference time series for validating age estimation. For bony
fishes, this typically involves sectioning one sagittae per indi-
vidual for ageing, extracting the core of the opposite sagittae
for “C analysis (typically reported as A'C), and then assess-
ing the correspondence between otolith core (i.e., birth year)
A™C values and the reference AC time series specific to the
ocean basin in which fish were sampled (Kalish 1993).

The bomb “C chronometer has been successfully em-
ployed to validate age estimation in several GOM reef fishes
that occur on the continental shelf. However, its applica-
tion for age validation in nGOM and Atlantic deepwater reef
fishes has typically increased rather than reduced uncer-
tainty in age estimates. For example, among a suite of nGOM
or Atlantic deepwater reef fishes, including reef-associated
pelagic barrelfish Hyperoglyphe perciformis (n = 8; Filer and Sed-
berry 2008), benthic golden tilefish Lopholatilus chamaeleon-
ticeps (n = 21; Lombardi-Carlson and Andrews 2015), and
benthopelagic yellowedge grouper Hyporthodus flavolimbatus
(n=21; Cook et al. 2009), there was a mean (+95% confidence
interval (CI)) difference of 68.5%¢ (£5.26%0) between the re-
gional AC reference series reported by Barnett et al. (2018)
and otolith core AC values. This is likely due to the fact that
70%-80% of otolith C is derived from dissolved inorganic car-
bon (DIC) (reviewed in Chung et al. 2019), and DIC becomes
progressively depleted in *C relative below the epipelagic
(Barnett et al. 2020).
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Patterson et al. (2021) hypothesized that eye lens cores
should be a better structure than otolith cores to measure
birth year A™C for deepwater fishes because lenses are de-
rived from metabolic C instead of DIC, and nearly all of the
organic C available to deepwater fishes is derived from phyto-
plankton that incorporate contemporary A'“Cpyc values into
the organic C they fix. The objective of this study was to test
this hypothesis by comparing eye lens and otolith core A™C
values for fishes sampled on outer continental shelf (150-
200 m) and upper slope (to 400 m) reef habitats in the nGOM.
The depth range of samples provides important context for
interpreting differences between reef fish otolith and eye lens
core A™C values.

Methods

Reef fishes were sampled on the nGOM continental shelf
or upper slope during 2015-2020 hook and line or bottom
longline fishery-independent sampling, with depth of cap-
ture recorded for each individual. Species included barrelfish,
benthic blackbelly rosefish Helicolenus dactylopterus, golden
tilefish, benthopelagic snowy grouper Hyporthodus niveatus,
and yellowedge grouper. Fish were measured to the nearest
mm total length, and then both sagittal otoliths were ex-
tracted, rinsed with deionized water, and stored dry in coin
envelopes. Both eyes were then removed and placed on ice
in labeled plastic bags, or stored frozen at sea in a —20°C
freezer. Upon return to the laboratory, eye samples were
transferred to a —80 °C freezer.

The left otolith from each fish was embedded in epoxy,
and then a 0.4 mm transverse section was cut through its
core with a low-speed diamond-bladed saw. Each thin sec-
tion was secured to a microscope slide with a toluene-based
mounting medium, and then covered with the same medium.
Age was estimated by counting opaque zones in each otolith
section under a dissecting microscope with transmitted
light.

Right otoliths were utilized to extract cores (age-0 otolith
material) for subsequent AC analysis. Each otolith was em-
bedded in epoxy and a 1.5 mm transverse section, centered on
the otolith’s core, was cut with a low-speed diamond-bladed
saw. Sections were rinsed with 1% ultrapure HNO;3; to remove
any surface contamination that may have been introduced
in the sectioning process, and then repeatedly flooded with
18.3MQ cm™~! polished water. Cleaned otolith sections were
stored dry in acid-leached plastic cell wells.

Otolith core extraction was performed with a Micromill
(New Wave Research, Freemont, CA, USA) computer-
controlled precision drilling instrument. All materials
used in the extraction or storage of otolith or eye lens cores,
including the Micromill drilling bit, were baked in a muffle
furnace at 500°C for 24 h to remove any residual petrocar-
bon from the manufacturing process. Each 1.5mm otolith
section was secured to a microscope slide with mounting
medium, and then viewed on the Micromill’s scope camera
with reflected light. This enabled the first opaque zone
to be observed and a milling pattern to be programmed
that targeted the core (age-0) region. The Micromill stage
was programmed to move in x, ¥, and z planes such that a
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targeted mass of approximately 2 mg of otolith powder was
extracted from the age-0 region of each sample. Extracted
otolith powder was stored in borosilicate vials.

To extract eye lens cores, the right eye was first thawed, and
then its lens was removed through an incision made in the
cornea. Each lens was wrapped in aluminum foil and freeze-
dried for 12 h. This caused the outer layers (laminae) of the
lens to split and begin flaking while leaving the age-0 core
intact. Outer laminae were peeled away with forceps, ulti-
mately revealing the core, with the target lens core diameter
being 1 mm, with a mass of approximately 0.7 mg. We had no
age-0 fish among study species to base this target lens core
size. However, Patterson et al. (2021) estimated 120 mm age-0
red snapper Lutjanus campechanus had a mean lens diameter of
approximately 2 mm, and subsequent analysis demonstrated
that 1mm lens cores had a mass of approximately 0.7 mg.
Therefore, we targeted 1 mm diameter cores in this study as
a precaution not to extract lens protein from later years. Once
extracted, cores were stored in borosilicate glass vials.

Eye lens and otolith cores were analyzed for A“C with ac-
celerator mass spectrometry (AMS) and for §'3C with isotope
ratio mass spectrometry at the National Ocean Sciences Ac-
celerator Mass Spectrometry (NOSAMS) facility at the Woods
Hole Oceanographic Institution. The stable C isotope, *C,
was measured as the delta value §'3C, which is computed
as the ratio 3C['2C relative to a standard (Peedee belem-
nite). Radiocarbon (“C) is reported as the delta value AC,
which represents the activity of a sample relative to a stan-
dard corrected for age and §'3C (Stuiver and Polach 1977).
Reef fish eye lens and otolith core AC values were plot-
ted versus estimated birth year and overlaid on the regional
coral and known-age otolith A*C reference series (Barnett et
al. 2018) to examine the correspondence of lens or otolith
core A'™C values to reference values. Birth year was esti-
mated as year of capture minus age estimated from otolith
opaque zone count, and then 0.5 year was added to account
for the fact that extracted eye lens or otolith core mate-
rial was formed during the age-0 year, not just at the be-
ginning of it. Lastly, a correlation analysis was computed in
MS Excel to test whether there was a significant relation-
ship between the difference in eye lens minus otolith core
A™Cvalues (lens — otolith core AC differential) and sample
depth.

Results

Otolith and eye lens core A*C were measured for four
individuals of each study species (Table 1). Age estimates
ranged from 2 years for a 343 mm snowy grouper to 55 years
for a 344mm blackbelly rosefish. The mean mass £+ 95%
CI was 2.02 + 0.19mg among otolith core samples, and
0.74 £+ 0.05mg among eye lens cores. Mean + 95% CI AMS
measurement error (o) was 3.06 + 0.22%. for otolith cores
and 2.39 + 0.15%c for eye lens cores.

Eye lens core AMC values corresponded well with the
regional A'C reference series among all study species,
but otolith core A'™C values were consistently below the
reference series data (Fig. 1). The mean + 95% CI lens
— otolith core AMC differential was lowest for snowy
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Table 1. Descriptive data, eye lens core AC, and otolith core AC for northern Gulf of Mexico (nGOM) outer shelf and
upper slope reef samples analyzed with accelerator mass spectrometry (AMS) at the National Ocean Sciences Accelerator Mass
Spectrometry (NOSAMS) facility at Woods Hole Oceanographic Institution.

Depth Age Birth Totallength Lenscore Lenscore Otolith core Otolith core Lens minus otolith

Species Sample date (m) (years) year (mm) AMC (%o) o (%o) AM™C (%0) o (%o) AYMC (%o)
Barrelfish 8 July 2017 351 15 2002 715 68.67 2.1 58.25 4.1 10.42
Barrelfish 8 July 2017 351 20 1997 779 92.99 2.1 74.25 3.4 18.74
Barrelfish 28 May 2020 364 53 1967 786 122.08 3.2 48.07 2.7 74.01
Barrelfish 28 May 2020 380 13 2007 605 63.76 2.2 52.37 4.0 11.39
Blackbelly rosefish 28 May 2020 364 15 2005 252 67.00 2.3 13.21 3.2 53.79
Blackbelly rosefish 28 May 2020 364 33 1987 344 115.09 2.9 19.80 2.6 95.29
Blackbelly rosefish 28 May 2020 380 25 1995 300 95.78 2.3 12.06 3.4 83.72
Blackbelly rosefish 28 May 2020 380 57 1963 408 24.66 2.4 —30.78 3.0 55.44
Golden tilefish 19 May 2020 230 11 2009 480 53.43 2.1 37.99 3.3 15.44
Golden tilefish 16 March 2015 287 18 1997 625 82.85 2.1 48.87 29 33.98
Golden tilefish 8 September 2020 292 19 2001 705 71.58 2.4 55.03 2.7 16.55
Golden tilefish 23 March 2015 379 24 1991 815 105.69 2.2 57.15 2.8 48.54
Snowy grouper 27 April 2019 36 2 2017 343 31.49 2.3 34.82 3.0 —3.33
Snowy grouper 8 September 2020 163 19 2001 771 70.11 2.4 69.62 3.6 0.49
Snowy grouper 29 May 2020 170 16 2004 864 63.12 2.3 51.34 3.1 11.78
Snowy grouper 9 July 2017 177 9 2008 707 61.23 2.5 59.52 2.2 1.71
Yellowedge grouper 15 March 2015 159 29 1986 846 112.42 2.2 97.06 3.1 15.36
Yellowedge grouper 28 May 2020 160 6 2014 562 37.52 2.9 37.40 2.6 0.12
Yellowedge grouper 30 May 2020 200 53 1967 999 113.72 2.3 101.16 2.7 12.56
Yellowedge grouper 24 March 2015 211 16 1999 742 83.87 2.1 63.43 2.9 20.44

Note: Age = opaque zone count in otolith sections. Species: barrelfish Hyperoglyphe perciformis, blackbelly rosefish Helicolenus dactylopterus, golden tilefish
Lopholatilus chamaeleonticeps, snowy grouper Hyporthodus niveatus, and yellowedge grouper Hyporthodus flavolimbatus.

Fig. 1. Northern Gulf of Mexico (nGOM) reef fish eye lens (squares) and otolith (triangles) core AC values (linked by dashed
lines) versus otolith-derived birth year estimates overlaid on the nGOM and Caribbean coral and known-age otolith A'C
reference time series. Legend indicates common names of fishes shown.
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between 36 and 177m, and greatest for blackbelly rose- core AM™C differential with capture depth (Fig. 2), with a
fish (91.54 + 51.93%c), which were captured at 364-380 m significant correlation existing between these parameters
(Fig. 1). (p = 0.001; Pearson’s r = 0.70). When barrelfish, which did
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Fig. 2. Scatterplot of northern Gulf of Mexico (nGOM) reef fish eye lens core minus otolith core A*C values versus depth of

capture. Legend indicates common names of fishes shown.
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not follow this general trend, were omitted from the analysis,
the strength of the correlation increased (p < 0.001; Pearson’s
r = 0.87).

Discussion

Study results demonstrate the efficacy of utilizing eye lens
cores when applying the bomb C chronometer for age
validation in outer shelf and upper slope reef fishes. While
sample sizes were insufficient to conduct species-specific
age validation analysis, eye lens core A™C values among all
species displayed close correspondence with the regional
A™C reference series that was first assembled by Andrews
et al. (2013), and then extended by Barnett et al. (2018). This
was in stark contrast to otolith core AC values, which were
often substantially lower than eye lens core and regional
reference series values.

Patterson et al. (2021) demonstrated the efficacy of utiliz-
ing eye lens core A™C in bomb “C age validation applica-
tions, which was based on the lack of significant difference
between otolith and eye lens core A'C values for a suite of
nGOM continental shelf reef fishes. They also hypothesized
that eye lens core AC might be useful in age validation of
deepwater reef fishes due to the fact that eye lenses are inert
once formed, are composed of protein (crystallins) that is ap-
proximately 50% C by mass, and the protein is derived from
metabolic C sources. This latter property is particularly im-
portant because the predominant basal endmember in the
ocean is phytoplankton that fix organic C from DIC in the
epipelagic (Broecker and Peng 1982). This organic C has a
contemporary A*C signature, which is then actively (vertical
migrants) or passively (sinking particles) transported below
the epipelagic on a daily time step via the oceanic biological
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pump (Herndndez-Leén et al. 2010). In contrast, DIC, which is
the predominant source of C to accreting otoliths, is depleted
in C below the well-mixed surface layer (Barnett et al. 2020).

Barnett et al. (2020) reported a linear relationship existed
between nGOM shelf edge (200 m) A*Cpyc, which had a value
of approximately 40%o during the time period of their sam-
ples and ACpyc at 600 m, which was approximately —80Y%..
This trend of DIC being progressively depleted in 1*C between
continental shelf edge and upper slope depths is reflected
in otolith core values for outer shelf and upper slope fish
samples in this study. The function reported by Barnett et
al. (2020) predicts water column ACpic would be approx-
imately —15%o at 380 m, the greatest capture depth among
nGOM reef fish samples in this study, but none of the black-
belly rosefish, golden tilefish, or barrelfish samples captured
near that depth had otolith core AC values as low as —15%,
which may be explained by several potential factors. First,
the percentage (20%-30%; Chung et al. 2019) of otolith C de-
rived from metabolic sources, which would have had surface
A Cpc values (imparted via phytoplankton-fixed organic C),
would raise otolith core AC above that of ambient ACp;c
at depth. Second, fish could have settled out of the plankton
at shallower depths on the outer shelf or upper slope where
ACpyc values were higher, and then subsequently migrated
to their depth of capture. Lastly, barrelfish, which were cap-
tured at similar depths as blackbelly rosefish but had otolith
core A™C values that were approximately 50%o higher, are
unique among study species in that they are pelagic versus
benthopelagic or benthic. It is unknown at what depths age-
0 barrelfish occur in the water column, or to what extent
they migrate vertically to feed (Suca and Llopiz 2017). How-
ever, study authors have captured barrelfish in near-surface
(>50m) oceanic waters when sampling pelagic fishes around
nGOM petroleum platforms, so it is likely that at least some
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individuals vertically migrate well into the epipelagic to for-
age. This aspect of barrelfish ecology likely explains why
the strength of the correlation between the lens — otolith
core AC differential and capture depth increased when bar-
relfish were omitted from the model.

The general patterns observed in eye lens versus otolith
core A'C values among deepwater reef fishes in this study
can be explained qualitatively based on what is generally
known about the biology of these species and the distribu-
tion of A™Cpjc in the nGOM water column. Moreover, the
same pattern of deepwater reef fishes having otolith core
A™C values being substantially depleted in #C relative to re-
gional AC reference series has been reported for deepwa-
ter reef fishes in other systems, including the Atlantic Ocean
off the southeastern US (Filer and Sedberry 2008), the north
Pacific Ocean off Alaska (Kastelle et al. 2008), and the trop-
ical Pacific Ocean off Hawaii (Andrews and Scofield 2021).
In general, these attempts at validating deepwater reef fish
age estimates via the bomb “C chronometer have increased
rather than reduced uncertainty in age estimates, although
different approaches have been proposed to explain or con-
trol for the disparities between otolith core and reference
series A'C values. These include utilizing reference series
from other regions than where samples were captured (Filer
and Sedberry 2008), scaling otolith core A*C values upward
to better match the regional reference series (Kastelle et al.
2008), or disregarding some previously counted opaque zones
in otolith sections such that otolith core A'C better aligns
with the regional reference AC time series (Andrews and
Scofield 2021).

It is possible that original birth year estimates, hence
otolith-derived ages, were more or less accurate in these ear-
lier studies, and that uncertainty in age validation results
arose principally from utilizing otolith core AC values in
applying the bomb *C chronometer. Based on results pre-
sented here, it is likely that otoliths from deepwater fishes
examined in previous studies recorded *C-depleted DIC sig-
natures at depth, which did not match surface DIC values
that exhibited the bomb '“C signature. Perhaps deriving birth
year A'C signatures from eye lens cores, for the reasons
stated above and the rationale provided in Patterson et al.
(2021), would help resolve this issue. Clearly, that appears to
be an effective approach for assessing the accuracy of age es-
timation in deepwater fishes from the nGOM, but the under-
lying principles should make it a useful in other ocean basins
as well.
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